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By Robert S. BabingLon 

SUMMARY 

An axial-flow compressor rotor  with a 13-percent  reduction i n   e x i t  
annulus WES investigated  in a nedium of Freon-12 gas et air equivalent 
t i p  speeds  ranging from 808 to 1,244 feet per second. The bla6e  sections 
employed were cabe red   i n  accordance  with  the NACA i!-&b mean-line series. 

The overall  desigri to ta l -pressure   mt io  was at ta ined at a mean sec-' 
tion  angle of a t tack 4.5' greater  than  the low-speed design  value  taken 
from two-dimensioml  cascade data. The  minimum values of total-pressure- 
loss coefficient  increased  rapidly when the in l e t   r e l a t ive  Mech numbers 
exceeded 0.9. 

In  orOer t o  analyze  the results caused by the  reduction in ex i t  
amulus, the perfomaance of the  rotor  was compared w i t h  t ha t  of the  sane 
r o t o r  with a constant  annular erea. It wes found tha t  the reduct ion  in  
ex i t  ennulus increased  the  operating  range of the  comsressor  end  reduced 
the  diffusion.  Throuaout most of the renge of operation, the reduction 
in   ex i t  annulus also  effected  en  increase  in  the  overall   rotor  efficiency. 

INTRODUCTION 

In  the  design of axial-flow compressors for  turbojet  engines, it 
has always  been desirable   to   obtain hfgh specific weight f low,  high  pres- 
sure  ratio  per  stage,  and high  efficiency. To obtaiE  these  character- 
i s t i c s ,   t he  axial velocity an6 rotat ional  speed were increased  unti l  
t ransonic   inlet   re la t ive Mach numbers were reached  (approximately 1.1 Et  

the   ro tor   t ip ) .   In   o rder   to  eccomnodate these  high Mach numbers without 
excessive  losses,  the mean-line  blade-elemefit  shape was altered t o   s h i f t  
the  loeding rearward where the  blade-surfrce Mach nunbers were lower 
(ref. I). 
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The rotor  reported  in  references 2 and 3 employs blades that contain 
loaded  trailing-edge mean lines,  but  the  diffusion  required at t h e   t i p  
section of the rotor was large. It was believed  that a reduction  in  exit 
annular  area would reduce the nigh diffusion that was required and, 
accordingly,  increase  the  rotor  efficiency. Consequently, the  rotor  of 
refererces 2 and 3 was modiZied t o  include e. 0.3-inch hub buildup which 
consti tute& a 13-percent  decrease in  exit   ennular  area.  

This report  presents  both  an  overall and a blade-element analysis of 
the modified rotor  End compares the  results  with  those  obtained from the 
rotor of references 2 end 3 (no hub buildup). 
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D 

EFYMBOLS 

blade chord, ft 

specific heat at constant  pressure, f t -1b 
slugs-OF 

static-pressure-rise  coefficient, p2 - p1 
P l , R  - ’1 

diffusion  factor,  1 - 2 + v2 R Ave 
‘1,R 2aV1,R 

acceleration due to   gravi ty ,  32.2 f t /sec2 

Mach  number 

rotor  speed, r p s  

static  pressure,   lb/sq f t  

total pressure,  lb/sq f t  

radius, f t  

universal  gas  constant 

t o t a l  temperature, OR 

blade tangential  speed, anr, f t / sec  

c 



mc4. RM L57K27 1 3 

V 

W 

U 

P 

Y 

s 

velocity,  Zt/sec 

gas  weight flow, Ib/sec 

equivalent weight flow corrected  to  sea-level  conditions, 
lb/sec 

engle of attack,  angle between flow direction and blade chord, 
de@; 

gas  flow  angle,  based on f lov  direct ion  with  respect   to  sxial 
direction, deg 

r a t i o  of specific  heats 

r a t i o  of inlet to ta l   p ressure  at test  conditfons t o  standard 

P1 
2116 

sea-level  pressure, - 
A increase from sta t ion  1 to s t a t ion  2 

7 nomentun? efficiency 

e r a t i o  of i n l e t   t o t e l  temperature at test conditions  to  standard 
rn ‘L.1 

518.6 
sea- leve l   to ta l  temperature, - 

% 
P gas  density,  slugs/cu f t  

rotor  twning  angle,  deg 

a so l id i ty  

Subscripts : 

av Everage 

d des  ign 

mEX maxhum 

min m i n h m  1c 
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rotor  blade 

t i p  

axial 

tangential  

upstream of rotor  

downstream  of rotor  

A bar over a symbol indicates mass-flow weighted average. 

APPARATUS AND METRODS 

Rotor Design 

.The axial-flow compressor rotor  used i n  this investigation i s  pic- 
tured  in   f igure 1. A drawing of the hub contour and the assumed stream- 
line  paths  near the hub, mean, and t i p   s ec t ions  is  shown i n  figure 2. 
The or iginal   rotor  was 16 inches i n  diameter and was designed t o  operate 
at a weight  flow in air of 19.99 pounds per second (37.00 pounds per 
second i n  Freon-le), a t i p  speed of 808 feet per second, an efficiency 
of 92 percent, and a total-pressure  ra t io  of 1.258. The design  velocity 
diagrams for  the  rotor  without the reduction  in exit annulus were taken 
from reference 2 and are  presented  in figure 3 f o r  the hub, mean, and 
t ip   sect ions.  The blade  sections were cambered i n  accordance w i t h  the 
NACA A21ab mean-line ser ies   for   i so la ted  l i f t  coefficients of 1.85, 1.13, 
and 0.73 a t  the hub, mean, and t ip,   respectively.  Blade thickness  varied 
from 10 percent of the chord at the hub t o  8 percent of the chord a t  the 
t i p ,  while the so l id i ty  remained constant at 1.0. The inlet   hub-t ip   ra t io  
was 0.750 and the hub buildup  produced  an  outlet  hub-tip  ratio of 0.788. 
Other design  characteristics of lesser importance are listed i n  table form 
i n  reference 2. 

Instrumentation 

. 

. A prism  probe (ref. 4) was used downstream of the r o t o r   t o  measure 
total   pressure,   s ta t ic   pressure,  and turning angles at 11 stations  across 
the annulus area. The spacing of the s ta t ions was closest  at the walls 
because at these locations there is generally more variation in the flow 
characterist ics.  

. 
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- Two four-element  thermocouple  rakes  were installed downstream of 
the  rotor so that the eight  elements  adequately  covered the annulus. 
A four-eleEent  thermocouple was instelled  upstream  and  connected to the 

ecross the rotor  could be measured directly. 
- two downstream  thermocouples in such a way that the chenge in tenperature 

Four iron-constantan  thermocouples  and four Eshaped total-pressure 
tubes  were mounted in the settling  chanber to record inlet stagnation 
temperature  and pressure.  Static-pressure  orifices  were utilized to 
measure upstrean end downstream  static  pressures  at the walls and were 
equally  spaced  circumferentially. The downstrean orifices  were  located 
in the  same phne as the survey  instrument. The methods  used to deter- 
mine motor speed, motor torque, and Freon purity are  identical with those 
used in references 2 and 3. 

Test  Procedure 

The rotor m s  tested et speeds of n/w = 1.00, 1.18, 1.37, 1.45, 
a.nd 1.54 corresponding to eir  equivalent tip speeds of 808 to 1,244 feet 
per second. The  weight-flov range was varied from bum weight flow 
(determined by the limitations  of the rig) to a point very close to 
surge vith d&ta teken at a total of five throttle settings. The tests 
were  performed  in a medium of Freon-12 gas, and 8 schenatic  drawing  of 
the  test  rig  used is shown in figure 4. 

Data Reduction 

In order to tabulate the data on an equal-area  basis, the inlet and 
outlet  were  divided  into 10 annuli of equel areas.  Test  values  for the 
centers  of the 10 annuli were obtained fran a curve  connecting the meas- 
ured  values taken at the 11 survey stetions. The darnstreem variation 
in static  pressure was determined by fairing a curve between the wall 
static-pressure  values  and the static-pressure  values  obtained fran  the 
survey instrument,  while the upstream  static-pressure variation was con- 
sidered to  be linear. The valnes of  inlet and outlet  weight flow were 
determined by integrating the product of local density and axial velocity. 
The upstream  weight-flow  values  were  considered more reliable than those 
at the outlet  because of the steady  nature of the  flow ahead of the 
rotor. For this  reason, a l l  the performence curves  presented  ere given 
as a function of  inlet  weight flow. The equations used to find mss-  
flow weighted  total-pressure  ratio and efficiency can 'De found in refer- 
ence 2 as well as the conversion  formulas for  air equivalent rotational 
speed and weight flow. A derivation,  considering the contraction in 
exit 8MU1u6, yielded the following expression from which the rehtive 
total-pressure-loss parameters were computed: 
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Validity of Data 

I n  order to  investigate  the  continuity of the flow measurements 
made upstream and downstream, figure 5 was p lo t t ed   t o  show a comparison 
at the two locations. All the  values  for speeds of n/% = 1.00, 1.18, 
and 1.37 were within 2 percent of agreement except f o r  one point at 
design  speed, f o r  which t'ne upstream  and downstream measurements differed 
by 4.3 percent. A t  the two highest  speeds, a l l  the  values were within a 
3-percent agreement except f o r  two points; one, at a speed of n1.a = 1.54, 
differed by 4.25 percent and the  other, by 3.35 percent  near  surge at a 
speed of E/ nd = 1.45. 

During the   t es t  program, there were instances when the blade-element 
efficiency exceeded 100 percent and the   re la t ive  loss coef f ic ien ts   fe l l  
below zero.  In the rotor  design, it was assumed tha t  the streamlines 
would follow  conical paths through the  centers of the  equal  area  (fig. 2).  
However, beczuse of variations  in  losses,  power input, and other  varia- 
bles  which affect  radial equilibrium,  the  exact  path of the  streamlines 
could  not be predicted  accurately. This fac t  was probably  responsible 
for the erroneous  values in   r e l a t ive  loss coefficient. Likewise, the 
in l e t  flow was assumed t o  be  uniform,  but slight flow  irregularit ies 
could have caused efficiencies  in  excess of 100 percent i n  regions where 
the rotor was very  efficient. However, since  these  testing  conditions 
existed  throughout  the  entire program, the  t rends  in   the performance 
parameters  are  accurate ever. if the  levels  of the  values  are  sl ightly 
in   error .  With t h i s   f a c t   i n  mind and i n  view of the  re la t ively  c lose 
agreement i n  flow measurercent, it is concluded Ynat the  available data 
are re l iab le  enough f o r  a good analysis of the  rotor  performance. 

. 
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RESULS AND DISCUSSION 

7 

Overall Performance 

The mss-averaged  rotor-performance h t a  are p lo t t ed   i n  figure 6. 
Mass-everaged total-pressure  r&tio ar-d the mass-averaged mm-entum effi- 
ciency were glotted  against  equivalent  Freon weight  flow. 

A t  design  speed and design weight flow (37.0 pounds per  second), 
the  efficiency was 9 percent and the  total-pressure  ra t io  was 1.18. 
me corresponding  design  values for   eff ic iency end total-pressure  ra t io  
were 92 percent and 1.258, respectively. A t  a w e i g h t  flow of 32.0 pounds 
per second, the  design  pressure  ratio wes equeled  and  an  efficiency of 
97 percent m s  obtained. 

A t  speeds greater  than  design,  the  rotor  appeared t o  be choked i n  
the  regioc of high weight flow. Evidence of. this  condition is given by 
the sloges of ell the  efficiency and pressure-ratio  curves as t'ney 
increase t o   i n f i n i t y  at maxinu weight flaw. The peak efficiency  remined 
et 80 percent  or higher throughout  the  speed  range  and  the  highest  total- 
p ressure   ra t io  observed vas  1.63 at a speed of n/nd = 1.54. 

Radial Variation of Performance 

Became of the  three-dinensionel  effects tht occur i n  a rotat ing 
canrpressor, it is  necessary t o  snalyze i t s  radial var ia t ion of  perform- 
ence. The characteristics  presented  ere momentum efficiency q, i n l e t  
re la t ive  Mach  number M1,R, elemental  weight  flow  leaving  the  rotor 

exit   absolute Mach  number %, inlet re la t ive  air angle 
and total-pressure  ra t io  P2/P1. (In  order t o  fac i l i t a te   p resenta t ion  
of the  date, steggered  scales have been  used in   t he   pe r fomnce-  
character is t ic  figures and care  should  be  taken in  identifying  the  proper 
scale  for  each curve.) 

gp2vz, 2.' 

Figure 7 shows that   the   eff ic iency at design  speed  remined  hi& 
throughout a lerge  portion of the blede radlus, but  the  radial   extent 
of high  efficiency  diminished as the  speed we6 increased. A t  the  tog 
speed of n/nd = 1.54, the only highly  efficient  portion of the blade 
m s  near  the hub. A t  all speeds 8s the  weight flow  increased,  the effi- 
ciency  decreased and the rate of decrease was greatest  at the  hub and 
t i p .  A t  n?axiIl?um weight flow, the  efficiency underwent a decrease along 
the entire  blede height, especis l ly  et the higher  speeds. 
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Figure 8 presents tine variation of inlet   re lakive Mach  number as a 
function of radius. The Mach numbers increased  linearly from hub t o   t i p  
and  ranged  from 0.64 at design speed t o  1.27 at a speed of n / q  = 1.54. 
As a resu l t  of the high in le t   re la t ive  Mach numbers at the t i p ,  the cen- 
t r i fuging of boundary layer (ref. 5 ) ,  and the secondary flaw at the  casing, 
separation  occurred  at the r o t o r   t i p   f i r s t .  A flow sh i f t  towards the hub 
accompanied the  separation and evidence of th i s  i s  shown in figure 9 by 
the radial variation of weight flow leaving the rotor.  A t  the  lower speeds, 
as would be  expected i n  e. free  vortex  design, the weight flaw w a s  uniform 
across  the  exit  annulus  except  near the extreme hub  and tip;  but, as the 
speed was increased,  the hub section was seen t o  pass most of the  flow. 
The radial variation of exit  absolute Mach  number  shown i n  flgure 10 a lso  
supports this conclusion; tha t  is, with speed increase  the  exit  absolute 
Mach numbers at the hub  became greater  than  those at the   t i p .  

"he radial variation of i n l e t   r e l a t ive  air angle is shown in   f igure  11 
along with the  design  values  taken from the  velocity diagrams of figure 3. 
It can  be  seen that the slopes of the measured values of p are  very 
similar t o  that of the  design  curve. This would ,  therefore,  validate the 
or iginal  assumption of constant  inlet   axial   velocity.  

1 ,R  

"he radial variation of total-pressure  ra t io  i s  presented in   f igure  12. 
A t  speeds of n/nd = 1.00 and 1.18, the pressure  ratio remained constant 
from hub to   t i p ,   bu t ,  as the speed  increased,  the  pressure  ratio at the hub 
w a s  s l igh t ly  greater than t h a t  at t h e   t i p  and mean sections. 

* 

Blade-Element Performance 

The blade-element chsracteristics  are  plotted  against  angle of attack 
in   f i gu res  13, lb, and 15. The three elements t ha t  were analyzed are  
located by  dashed l ines   in   f igure  2. Because of secondary  flow that occurs 
i n  compressors i n  the regions  adjacent t o  the inner  snd  outer  casings, it 
was f e l t  that the data at points 1 and 10 would not be indicative of the 
blade performance. Points 2, 6, and 9 were chosen t o  represent  the  t ip,  
mean,  &nd  hub sections,  respectively. The perfomnce  parameters  presented 
are section  efficiency 7, relative  total-pressure-loss  coefficient 6, 
inlet re la t ive  Mach nunber M1,R, static-pressure-rise  coefficient Cp, 

diffusion  factor D, to ta l -pressure  ra t io   s ta t ic-pressure  ra t io  - P2 
P1' 1 r  P1' 

turning  angle So, and ex ia l   ve loc i ty   ra t io  " 2 9 2 .  me original rotor 
V Z . 1  

design  angles of attack  taken from the differen6e between re le t ive   in le t  
air angles p of figure 3 and the  blade-setting  angles P1,R - a have 
beell noted on the  plots  as ve r t i ca l  arrows on the  abscissa. 

1 ,R  



Mean section.-  Figure 13 presents  the  meen-section  perfomnce  plots. 
k t  design  speed and 118 percent of design  speed, the  eff ic iency was f a i r l y  
constant  throughout  the  angle-of-attack  range, and f o r  t'ne most part  was 
higher  than 95 percent. As the  speed  increased Tram n/nd = 1.37 to 
n/nd = 1.54, the  efficiency as a %-hole grew progressively worse with a 
sherp dip  occurring E t  the ~~laxiaun weight flow f o r  each  speed. A t  design 
speed  and  design  angle of attack,  the  efficiency was 98.5 percent. Design 
angle of attack  vas 9.4' fo r   t he  mean section. A t  a l l  radfal   locat ions,  
the  entire  operating  range of t h e   c m p e s s o r  w a s  above design  angle o l  
ettack  with  the  exception of the maximum weight-flow conditio= e6 6esign 
speed. The trends of the  efficiexy  curves  support  the  conclusions =de 
in   the   repor t s  of other  transonic  rotors,  for example, reference 6 ,  i n  
t ha t  rotors operated  nore  efficiently at angles of attack  greater  than 
the  design  values  based on low-speed two-dimensionel  cascade  data. 

The losses  encountered z t  design  speed  and 118 sercent of design 
speed were very mall for  the  gre&ter  portion of "ne angle-of-attack 
range,  with e s l igh t  rise occurring at mximm-weight  flow. At the  higher 
speeds,  the mininun total-pressure-loss  coefficienk  reeched a l eve l  of 
eboat 0.20 at e speed of n/na = 1.54 m-d en  angle of a t tack  of 1-5'. 
The in l e t   r e l a t ive  Mach amber at th i s   po in t  was 1.14. 

R meesure 03 blade  loading i s  preseated  in   the  plots  of s t a t l c -  
pressure-rise  coefficient and diffusion  factor.  Both parmeters  reached 
E meximw at a speed of n/% = 1.18 an6 begen t o  drop  off ES the  speea 
w a s  increased. This indicates  that  the  blade  sectiofi w a s  overloaded at 
speeds o l  n/nd = 1.37, 1.45, and 1.54. It should  be  noted tha t   t he  over- 
loeded  condition  occurred as soon &s t he   i n l e t   r e l a t ive  Mach numbers 
epproschea  unity. 

The to t a l -  and static-pressure-retio  curves  exhibit  the sane trends 
with  the  total-pressure  values  being somewhat higher. The choking con- 
d i t ion   the t  was mentioned br ief ly   in   the  sect ior?   ent i t led  "Overal l  
P e r f o m c e "  i s  evident  in  the  pressure-ratio  curves. A t  maximun weight 
flow fo r  speeds of n/nc = I. 37, 1.45, and 1.34, the  curves  exhibit a 
rapid drop in   pressure  ra t io ,   indicat ing  th&t  the  rotor  was choked at 
these  conditions. As the  back  pressure was increased  (engle of a t tack  
increased), the choking w a s  relieved as the shock wave steepened and 
moved upstreem. The shadowgraphs i n  refereme 6 i l l u s t r a t e   t h i s   po in t .  
A t  neximun angle of a t tsck,   the  same peak static-presswe  ratio  (about 
1.35) w a s  realized  for  speeds of n/nd = 1.37, 1.43, aqd 1.54. In order 
t o  obtein the  design  totel-pressure  ratio of 1.258, t'ne blade  element 
hsd t o  ogerate et en angle of a t tack  of 13.8O or  about 4' above design. 

The veriat ion of turning  angle with angle of attack,  taken frm the  
low-speed cascade date of reference 1, i s  included  in figure I3 and the 
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data show that the  design  flow  twning of 14.5O was accmplished at desigfi 
angle of attack. Good agreement occurred between the cascade turning end 
the  turning produced  by the  subject rotor a t  design  speed and U8 percent 
of design  speed at  the lower angles of attack. However, a t  the higher 
speeds, there was considerable  variation and the  divergence  indicates  that 
low-sgeed cascade data must be corrected to   predict   accurately high-speed 
ro t  or turning. 

+ T i  sec-r;ion.- The t ip-section performance characterist ics  are shown 
in figure 1 A t  design  speed, t he   t i p sec t ion   e f f i c i ency  reached a 
maximum of 86 percent a t  an  angle of a t tack of 1l0 (approximately 30 
above design). A s  the  angle of a t tack was increased,  the t i p   l o s s e s  
began t o   r i s e  and the  efficiency dropped t o  76 percent at an angle of 
a t tack of l5.5O. A s  a comparison, the mean section, because of i t s  wider 
low-loss operating  range, w e s  seen t o  have relatively  constant  efficiency 
throughout  the  entire  angle-of-&tack  range  at  this speed. 

The in l e t   r e l a t ive  Mach numbers f o r  speeds of n/nd = 1.00 and 1.18 
never  exceeded 1.0. In  general,  the  parameters of these two speeds exhib- 
i ted   the  same trends and are  discussed  simultaneously. A similar grouping 
occurred fo r   t he  curves a t  speeds of n/nd = 1.37, 1.45, and 1.54 where 
the   in le t   re la t ive  Mach numbers were above 1.0. 'The distinction between 
the two groups occurs  because of  shock-wave effects .  

Contrary t o  what might be  expected, the  regions of highest   relative 
total-pressure-loss  coefficient  exhibit the  highest  efficiencies at high 
speed.  Apparently, the  rapid  r ise   in   pressure  ra t io  more than compensated 
for t i e  e f fec ts  of t he   r i s e   i n   r e l a t ive  loss coefficient. 

A law-speed cascade  turning  curve w a s  again superimposed on the  plot  
of rotor  turning  angle and angle of attack, and good agreement was shown 
a t  speeds of n/nd = 1.00 and 1.18. The design  turning  angle was approxi- 
mately 10.Oo and wes closely approached as the t ip   sect ion  actual ly   turned 
the flow 11.2O at design  speed and design  angle of attack. A t  the higher 
speeds of n/nd = 1.37, 1.45, an& 1.54, the turning  angle  varied frm -2' 
t o  11' i n  an angle-of-attack  range from 11.4' t o  16.1'. The turning  angle 
a t  speeds of n p d  = 1.37 and 1.45 reached a minimum i n  the middle of t'ne 
angle-of-attack  range and then began t o  rise  agcin at higher  angles of 
attack. The location of the shock wave on the blade was  probably  responsi- 
ble  f o r   t h i s  phenomenon. As The weight  flow  decreased, t'ne shock was 
moved upstream where i t s  strength on the convex surface of the  blade was 
less .  This action  lessened  the  tendency for f low separation and increased 
tine turning  angle. 

The variation of s te t ic-pressure  ra t io  w i t h  angle of attack  presents 
an interesting  point that was a lso  observed a t  the mean section. A t  
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neximm  sngle of a t tack   for  speeds of n/nd = 1.37, 1.45, and 1.5k, the  
values of stat ic-pressure  ra t io  grouped together et a pesk value of  &bout 

c 1.37. The value  noted at the meen section w a s  about 1.35.  

Reference 7 gives a value of 0.45 as the lok--loss l imiting  diffusion 
factor  for  the  t ip  section.  Tnis  velue was obtained from the  correlation 
of h t a ,  based on minimum loss  conditions. A t  the  design  speed f o r  t h i s  
ro tor ,   the   t ip  losses s t a r t   t o   r i s e  et a diffusion  factor  of about 0.48 
End et a corresponding  angle of a t tack  &bout 2' cbove Ciesign. 

Hub sectioc.-  Figure 15 shows tht  the  losses  at the hub section were 
re lc t ive ly  low with  only  four  points  having e total-pressure-loss  coeffi- 
cient  greeter  than 0.1. These four values were the ~lleximun flow  points at 
the  four  highest  speeds where the gassege was choked. At the other eo& of 
the  angle-of-atteck  range  (near stall) ,  the  losses  at the hub did not rise 
as did those at the mean and t ip   sec t ions ,   snd   th i s   could  be cue t o   t h e  
r ad ia l  flow s h i f t  towards the  hub o r  the  centrifuging of bomdary  layer. 

A t  the   t ip   sect ion,   the   axial-veloci ty   ra t io   decreased as the angle 
of &tt=ck  increesed, the  drop  being  especially  rapid at the  higher  speeds 
where the  flow  separation %-as more severe. At, the  hub sectlon,  the  axial-  
velocity  ratio  increased with angle of attack,  this  izcrease  indicating a 
flaw s h i f t  towards the hub. Tlze axial-velocity  ratio at the mean section 
remined  relatively  constant,   receiving flaw frm t h e   t i p  and  disc'narging 
flow t o  the hub. The logic  just   Fresented is sound f o r  the portion of the 
curves  discusseb (high angles of a t tack) .  However, it zppears samewhat 
f au l ty  In the  regions of low angles of attack  because at these points the 
axiel-velocity  ratio  decreased .st all three rediel locations. This m i g h t  
be e t t r ibu ted  t o  compressZDility e f fec ts  caused  by the increase  in  back 
pressure. A s  the  angle of attack  vas  increased,  the  density  increased 
ragidly at first, causing a decrease in   ex i t   ve loc i ty  a l l  along the blade 
row.  Note t h a t   t h i s  i s  t rue  because the exit ,%ch cumbers were subsonic. 
(See f ig .  10. ) But w i t h  further increase  in  aagle of a t tack,   the   differ-  
ent ia l   increase  in   densi ty  became less an6, consequently, i ts  efzect on 
ve loc i ty   ra t io  became less noticeable. 

The r e h t i v e   i n l e t  Mach  number rsnge  varied from 0.67 at design  speed 
t o  1.07 at e. speed of E/% = 1.54. A t  the  hub seciion, the higiiest  speed 
is  the  only one at which supersonic  inlet   relative M?ch  numbers existed, 
but  the  rapid  decrease of t he   s t a t i c -  and total-pressure-ratio curves 
indicates that choking occu-rred near mximum weight  flow f o r  e l l  speeds 
except  design. A t  the  hub, the greater  blade  thic-ness m d  smaller  inlet  
angles  caused  choking t o  occur at lower in l e t   r e l e t ive  h c h  numbers t b n  
at the other blade sections. 

It was seen t'hat at high  speeds end maximum angle of attack,  the 
s ta t ic-pressure  ra t ios  peaked at 1.35 and 1.37 a t   t h e  Tcean and t i p   s ec t ions ,  
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respectively. A t  the  hub section, the same condition  occurred w i t h  the 
peak static-pressure  ratio  reaching e value of about 1.33 at maximum 
angle of a t tack for speeds of n/nd = 1.37, 1.45, and 1.54. 

A t  design  speed, the design amount of flow turning was accomplished 
at an  angle or" at tack about 5O greater  than  design. A t  design  angle of 
attack, lk.5' of turning was produced i n  comparison t o  a design  value of 
approximately 21O. 

Relazive  total-pressure-loss  coefficient"  Relative  total-pressure- 
loss coefficient is plotted  against  diffusion  factor and static-pressure- 
r i se   coef f ic ien t   in   f igure  16 f o r  a l l  speeds at the hub, mean, and t i p  
sections. The curves were faired i n  a sequence of increasing  speed s o  
that the  effects  of speed on blade  loading  could  be s e e n t o   b e t t e r  adven- 
tage. The minlmm value of re la t ive  loss coefficient  usually  occurs when 
the efficiency is a maximum, but this was not the case at the t i p   s ec t ion  
of the subject rotor. Therefore, a t  the  t ip   sect ion,   the  minimum value 
of re la t ive  loss coefficient as well as the value of re la t ive  loss coef- 
f i c i en t  corresponding t o  maximum efficiency w were plot ted  for  a l l  
speeds  against each of the two blade-loading  parameters. 

- 
P X  

A tip-section band of low-loss diffusion  factors was established  in 
reference 7 from the compiled data of a number of rotors  and was repro- 
duced on the  t ip-section  plot  of f igure 16. For  speeds of n/nd = 1.00 
and 1.18, the values of Gmin f e l l  within the band, but at the  higher 
speeds the  coordinates were considerably  displaced.  In  contrast,  the 
curve of ti remained r e l a t ive ly   c lose   t o   t he  limiting band through- 
out  the  entire speed range. This indicates that, although  the minimum 
value of re la t ive  loss   coeff ic ient  is used as a rel iable   paraueter   in  
evaluating  rotor performance, it can sometimes be misleading as in   t he  
case of the subject  rotor. 

llmax 

A t  the t i p  section,  the kn and increased  rapidly when 
the  values of Cp were about 0.45 and 0.50, respectively. The corre- 
sponding inlet re la t ive  Mach numbers were 0.96 and 0.93. A low-loss 
range between 0.37 and 0.43 w a s  established i n  reference 6 from the t i p -  
section data of several  transonic  rotors. 

'Imax 

cP 

A t  the mean and hub sections where the  loading was less severe, 
higher  limiting  values of Cp were realized  with lower losses involved. 

The e f fec ts  of inlet-relat ive Mach  number on relative  total-pressure- 
loss coefficient have already been discussed and are plotted in figure 17 
merely as an aid in  evaluating  their   direction  relationship  without having 
t o  cross-plot from the bhde-element  characteristics. It should be noted 

I! .. 
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. thet  at in l e t   r e l a t ive  &ch  numbers greeter than  about 0.95 the  values 
of minbnm relative  total-pressure-loss  coeff  icieot  increased  rapidly. 

Effect of Exit-Annulus Contrection on Perfornance 

The rotor  reported  in t@fs paper i s  the rotor  of references 2 and 3 
w l t h  the exception of e O.3-inch  hub buildup which zppears i n  the subject 
rotor.  Tne modiflcation was made i n  en  attempt t o  reduce the high dif-  
fusion that was required a-i the   t i p   s ec t ion  of the referenced  rotor.  In 
order to   eva lua te   the   e f lec ts  of the hub buildup,  the  perfomnee of the  
two rotors  is compared. For  identtfication purgoses, the  subject  rotor 
is r e fe r r ed   t o  as the contrected  rotor, an6 the  referenced  rotor is called 
the  uncontracted  rotor. The pe r fomnee  curves fo r   t he  uncolztracted rotor  
shown i n  figures 18 t o  24 were tsken from the bhde-element  performance 
data of reference 3. 

The speeds a t  which the  perfomances were conpared were not  exactly 
the  same for  both  rotors  but were so close that any change i n  perfornance 
t h t  m l g h t  have  been caused by the difference  in  speed vas considered 
negligible.  Since the two rotors  were tes ted  i n  the s a e  empressor test 
stend ( f ig .  4) under similar operating  techniques, a cmparison of the 
pe r fomnce  of the two rotors  i s  vel id  even  though  blade-element efff- 
ciencies  exceeding  100  percent were obtained i n  some cases  for the con- 
t racted  rotor .  

Compzrison of blade loading. - Figures 18 anti 19 present  for  both 
rotors the   t ip-sect ion  plots  of Gtn and a- as a function of D. - 
At a l l  sgeeds f o r  the uncontracted  rotor,  there m s  close agreement 
between the  diffusion  factors  corresponding t o  kin and the diffusion 
fac tors   cor respocdhg  to  G-, but   for  the contracted  rotor  there m s  
e Ciecided difference et the  higher speeds. 

I n  figures 18 and 19, the  diffusion  factors  for  the  coEtracted  rotor 
were lower f o r  a l l  speeds and the corresponding relative  total-pressure- 
loss coefficients were lower et Epeeds greeter  than  alnd = 1.18. Ilow- 
ever, t h e  values i n   f i g u r e  18 &re dispersed t o  a much greater  degree than 
they   a re   in   f igure  19, especially at the higher  speeds. 

Figure 20 presents a comparison of t h e   v a r i a t i o n   i n   r e k t i v e   t o t a l -  
pressure-loss  coefficient with angle of' ettack. The comparison was made 
Et  el l  three radial locations a t  design  speed  (design  angles of at tack 
ere noted on the p lo ts  by v e r t i c a l  arrows on the  abscissa). 

A t  speeds greater  than  design, it was seen that the minimum r e h t i v e  
loss coefficient wes not i n  phase with the peak efficiency at the t i p  
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section. However, a t  design  speed, &x and %in were ir. phase at 
a l l  three  radis l   locat iocs   ( f igs .  13, i4, and 15); therefore,  figure 20 
is  considerec? t o  be a reliable  canparison plos;. The re la t ive  tots l -  
pressure-loss  coefficieots  for  the  contraczed  rotor were e q m l   t o  or 
lower than  the  corresponding  velues  for  tne  uncontracted  rotor wikh  the 
exception of the minimum angle-of-attack  position at the  t ip   sect ion.  

- 

Ca%parison of axial-velocity  ratio.- The original  uncolltracted  rotor 
experienced a rad ia l   f lov  sh i f t  associated with t ip   sesara t ion ,   in   m~ch 
the same manner as  the  contracted  rotor.  In  order for the   effects  of 
the  hu5 contraction on the flow sh i f t  t o  be examined more closely, date 
were p lo t t ed   t o  show a comparison between the  axial-veloci ty   ra t ios   for  
the two rotors at the   t ip ,  mean, and hub sections  (figs.  21, 22, and 23). 
The comparison i s  =de in   the   d i rec t ion  of the  flow shift or   f ron   the   t ip  
s ec t ion   t o  the hub section. 

Both rotors experienced a drop i n  axial velocity  across  the  rotor 
t i p  which became  more Fronounced w i t h  speed i x r e a s e .  The uncontracted 
rotor had an  axial-velocity  ratio of 0.83 at design  speed and maximum 
w e i g h t  flow, and w i t h  increasing speed it dropped continuously t o  a mini- 
mum of 0.32 near stsll at  a speed of n/na = l.k3. The contracted rotor 
had an  axial-velocity  ratio of 1.02 at design  speed and meximum weight 
flow and a r a t i o  of 0.47 near s t a l l   a t  a speed of n/nd = 1.43. Tne change " 

in   the  axial-veloci ty   ra t ios  was 0.51 and 0.55 for the uncontrected and the 
contracted  rotors,  respectively. A t  the  t ip,   therefore,   the  contraction 
had l i t t l e   e f f e c t  on the   ra te  of axial-velocity  decrease,  but it h d  a 
def ini te   effect  on the level.  Tnat is ,  the t i g  of ti?e contracted  rotor 
passed more flow, and t h i s  w a s  t o  be expec%ed i n  view of i ts  smeller ex i t  
ennulus . 

A t  the  mean section,  both  rotors  exhibited  about  the same t rends  in  
axial-veloci ty   ra t io  with the   l eve l  of the curves  again  being somewhat 
higher f o r  the contracted  rotor. The curves  rose and f e l l   s l i gh t ly ,   bu t  
generally tine axial-velocity  ratio remained fairly cor-stant at the mean 
section of each  rotor. 

A t  the hub section, t'ne axial-veloci ty   ra t io   for  the uncontracted 
rotor  increased  with  angle of at tack for speeds of n/nd = 0.99 and 1.16, 
but at the  higher  speeds no aspreciable  velocity  r ise was detected. For 
the  contracted  rotor,  the  velociey  ratio  displayed a rise throughout  the 
whole speed  range. 

When separation  occurred at the t i p  of the  subject rotor and the f low 
started t o  sh i f t  towards the h b ,  it was res t r ic ted  by the 0.3-inch hub 
buildup. As a result, the   t ip   sec t ion  w a s  forced  to  pass  nore flow than 
it ordinarily would had the hub not been contracted. This i s  co&irmed 



by %he fac t  that at the two highest speeds :he u i a l - v e l o c i t y   r a t i o  st 
t h e   t i p  of the  contracted  rotor begen t o   r i s e  et nigh  angles of a t teck  
whereas it conLinued t o  fe l l  i n  the uncontracted rotor. 

.. Conparison of overall   perfomnce.-   For e l l  speeds  throughout most 
of the  opereting  range of the  coqressor,   the  contracted  rotor had a 
higher  overall  efficiency  than the uncontrec-ced rotor  ( f ig .  24). Choking 
occurred at lover w e i g h t  flows f o r  the contracted  rotor  because of the 
smeller exit  annular  area. But i n  spite of t h i s ,  the  hub builduF had 
the   e f fec t  of increasing  tbe  operating  range of the   coqressor  because 
it allowed t h e   r o t o r   t o  go to higher  angles of attack  before the onset 
of s t a l l .  

The total-pressure  ra t io  of' t he  contracted  rotor was equal to or 
gref=ter thac the pressure  rakio of the uncontracted  rotor ir? the  regions 
of low weight  flow (r!!ar surge) .   In   the  vicini ty  of high  weight flov 
and especially at high speed, the overal l   to ta l -pressme  ra t io  w a s  lower 
for the  contracted  rotor  because  the  ogeretion i n  t h a t  region was choked. 
The m i m u m  to ta l -presswe  ra t io  - a s  1.34 for the uncor-traczed rotor i n  
comperison wi th  1.60 f o r  the  contracted rotor. The highest efficiency, 
as indicated i n  these comperison curves,  for the  uncontracted rotor -vas 
92 percers, whereas t h a t  for t h e  concracted  rotor w e s  96 percent. 

. 

SLIMNARY OF RESULTS 

h investigation was conducted on a transonic compressor rotor  
having a reduced ex i t  annulus  snd  blades  cmbered i n  accordance  with  the 
NACA A21ab man-line series. 'This rotor  embodies a modification of a 
previously  investigeted  rotor (NACA Research Menorendun L 5 7 H 0 8 ) .  The 
following  results were obtained: 

1. The overal l  design totel-pressure  ra t io  w e 6  a t ta ined et a mem 
section  angle of a t teck 4.5O greater then  the low-speed design  value 
taken from two-dimensional  cascade data. 

2. Peak blade-elenent  efficiency f o r  a l l  speeds and a l l  radial loca- 
tions  occurred  in  an  angle-of-attack  range frm 3' t o  8.5' abwe design. 

3. A t  design and 118 percent of desigr- speed, t h e  flow turning pro- 
duced a t  the  mean and t i p   s ec t ions  was in   c lo&e agreement with low-speed 
cascede  turning data a t  low angles of attack. 

4. Minimum relative  total-pressure-loss  coefffcient  for  the hub, 
meen, and t ip  sections  increased  rapidly when the inlet re la t ive  Mach 
nuniber  beceme greater  than  about 0.95. The highest   in le t   re la t ive Mach 
number was 1.27. 



16 - NACA RM L57IC27 

5. Relative  total-pressure-loss  coefficient at design  speed started 
to r i s e  at the   t i p   s ec t ion  &t a diffusion  factor of about 0.48. 

6. A t  speeds  greater  than 118 percent of design, the tip-section 
values of minimum total-pressure-loss  coefficient d id  not  occur when the 
efficiency was a m a x i m m .  It is believed that tine rapid rise i n  pressure 
r a t i o  more than compensated f o r  t he  e f fec ts  of t he   r i s e   i n   r e l a t ive   t o t a l -  
pressure-loss  coefficient. 

7. The operating  range of the compressor was increased by the reduc- 
t i o n   i n   e x i t  annulus. 

8. For speeds  throughout most  of the operating range, the reduction 
i n   e x i t  annulus had the  effect  of increasing  the  oversll   rotor  efficiency. 

9. The high  diffusion that was required a t  the r o t o r   t i p  was reduced 
by  contracting the exit  annulus. 

Langley Aeronautical  Laboratory, 
National  Advisory Committee f o r  Aeronautics, 

Langley Field, Va., November 8, 1957. 

. 
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Figure 1.- Compressor rotor with contracted  exit annulus. L-57-332 
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Figure 2. - Schemetic drawing of hub contour showing the assumed stream- 

l ine   paths  at the hub, mean, and t i p  sections.  
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(a) Tip section. r = 0.667 foot.  

M[,R 

R 

- 

(b) Mean radius  section. r = 0.583 foot. 

- 
(c )  Hub section. r = 0.500 foot. 

Figure 3.- Design velocity diagrams in air without the contraction i n  
exit annulus. 

. 



1 

" 

i 250 hp 

dynamometer 

Screen? 

Seltllng chomber - 7 

Waler- cooled radlotorr 

Upstream survey stallon I 
Stral#htenlnp  blade8 I 

Figure 4.- Schematic drawing of cmpressor test stand. 
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Figure 5.  - Comparison of Freon weight-flow measurements at a l l  speeds. 8 4 
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Figure 6.- Overall ro tor  performance. 
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Figure 7.- Radial variation of momentum efficiency. 
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Figure 9.- Radial variation of‘ exit  elemental weight flaw. 
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Figure 10 .- Radial variation of exit ebsolute Mech number. 
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Figure 11. - Radial  variation of inlet relative air angle. 
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Figure 12.- Radial variation of total-pressure ratio. 
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Figure 13.- Blade-element  characteristics ai; the  mean  section.  r2 = 0.2929 ,foot. 
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Figure 16.- Variation of relative  total-pressure-loss  coerficient with respect to diffusion 
factor  and  diffusion  coefficient. 
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Figure 17.- Variation of re la t ive  total-pressure-loss  coefficient with 
respect to inlet re lat ive Mach number. - 
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Figure 18.- Comparison  plot  of the variation  of  minimum  relative  total-pressure- 

loss coefficient  with  respect to diffusion  factor  (tip  section). 
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Figure 19.- Comparison plot of relative  total-pressure-loss  coefficient at maxi- 
mum efficiency with respect t o  diffusion  factor  (tip  section). 
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Figure 20.- Comparison plot  at design speed of minimum reletive total- 
pressure-loss coefficient with respect to angle of attack. 
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Figure 21.- Comparison 
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of axial-velocity r a t io  at the t i p  section. 
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Figure 22.- Cornparisor- of axial-velocity ratio at the mean section. 
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Figure 23.- Comparison of axial-velocity ratio at the hub section. - 
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Figure 24.- Comparison plot of overall  rotor  performance. 
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